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Final Technical Report, AFOSR Program.
"80-240 GHz Radar and Communications in Transferred Subsirate HBT Technology"
(F49620-99-1-0079)
Mark Rodwell, Department of Electrical & Computer Engineering
University of California, Siinta Farbara, CA 93106

Abstract

The program supported the development of high baridwidth heterojunction bipolar
transistors (HBTSs) for use in ultra-high frequeicy radar and communication systems. This
three-year program led to improvement in stat:-of-the-art HBT bandwidth, and to the
development of design methodologies for transistor circuits at millimeter-wave (mm-
wave) frequencies. Under funding from this program, the first srnall-signal HBT
amplifiers in the 140-220 GHz frequency banc! were. demonstrated. ’

Objectives

The program objective was to demonstrate basic circuits for mm-wave radar and
communication systems utilizing InP-based transferred-substrate heterojunction bipolar
transistors (HBTs). The transferred-substrate J1BT process, developed under joint
AFOSR and ONR support, has demonstrated recorc. values of extrapolated transistor
power-gain cutoff frequency f,,, . The high availatie gain at mm-wave frequencies from

state-of-the-art HBTs will enable the realization of radar and communication systems
over the full 30-300 GHz millimeter-wave fre;juency range. Under this program, issues
relating to the development of transistor-basel integrated circuits for these ultra-high
frequency systems have been addressed. Thes: issues include: device scaling for
increased bandwidth and margin in circuit designs, measuremer:t and modeling of highly-
scaled transistors across the entire mm-wave {requency band, and circuit design
techniques at ultra-high frequencies.

Approach

Device scaling, the reduction of lithographic Teature sizes and epitaxial layer thicknesses,
is essential to improving transistor bandwidth. The transferred-substrate process
developed at UCSB has allowed for aggressive scaling of the IIl-V HBT. In a traditional,
M-V mesa-HBT a large parasitic base-collector capacitance lies underneath the base
Ohmic contacts. Narrowing the base Ohmic contact to reduce this capacitance will result
in an increase in base contact resistance, thus frustrating efforts to increase f,,, . The

substrate-transfer technique (outlined in Figu-e 1) provides access to both sides of the
device epitaxy, and therefore, allows the simultaneous realization of highly scaled base-
emitter and base-collector junctions, without a subsequent increase in base resistance. By
scaling both transistor junctions to submicron dimensions, record values of transistor



power gain have been obtained. An additional benefit of the transferred-substrate process
is that it provides a low loss microstrip transmission line wiring environment with a very
predictable characteristic impedance. The thin lielectric (Sum) wiring environment
reduces line-to-line coupling and will not support higher-order propagation modes over
the design frequencies of interest. These features are of great benefit in mm-wave tuned-
circuit designs.

The transferred-substrate technology provides 1 promising vehicle for the development of
radar and communication systems at frequencizs up to 220 GHz. The basic circuits that
form the core of these systems (amplifiers, oscillators, mixers) are of low enough
complexity that they can be demonstrated in a nniversity-based integrated circuit process.
Currently, electronics at frequencies over 100 *3Hz are limited in function due to the
reliance on Gunn and IMPATT oscillator diodss ancl Schottky diode frequency
multipliers. The demonstration of transistor-bz.sed electronics at these frequencies will
allow for the development of more fully functional system architectures.
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Accomplishments

Previous generations of transferred-substrate H BTs had dzmonstrated record-high power
gains in the W-band (75-110 GHz) frequency ringe. A 140-220 GHz vector network
analyzer, obtained by UCSB through a DURIP proposal, provided the means to measure
transistors and circuits at even higher frequencies. The measurement set-up (Figure 2)
consists of an Agilent HP8510 network analyz:r with Oleson Microwave Lab mm-wave
extenders. GGB on-wafer probes are interfacec| to the extenders through short lengths of
WR-5 waveguide. The test set-up has providec. a repieatable on-wafer measurement
system for full two-port S-parameter measurernients of transistors and circuits. The
characterization of submicron HBTS is particu arly challenging, and a great deal of effort
has been extended to develop an accurate on-vafer measurement methodology across the
mm-wave band.

140-220 GHz VNA Measurements
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Figure 2: 140-220 GHz vector netviork analyzer measurement set-up.




Accurately characterizing transistors is importznt for developing circuit models for
computer-aided design simulations, and for pre dicting the maximum usable frequency of
a device. Recent measurements of transferred-substrate HBTs have demonstrated a small-
negative output conductance over parts of the mm-wave band. Standard circuit models do
not predict such behavior, and the negative output conductance is believed to arise from
second-order transport effects in the collector space charge region. These effects would
not be evident in a traditional mesa-HBT device as the lerge collector-base junction
capacitance dominates the output conductance A consecuence of the observed negative
output conductance, is an unbounded measure of the transistor’s unilateral power gain,
and an inability to predict the transistor’s f,,, . However, transistor power gains (Figure

3) show a high available power gain to the limits of commercially available measurement
systems.
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The transferred-substrate process was used to fabricite a single-stage tuned amplifier at
174 GHz (Figure 4). The amplifier was found to have a peak gain of 6.3 dB at 175 GHz,
with a gain of better than 3 dB from 140 to 190 GHz. Both the input and output return
loss were better than 10 dB at 175 GHz. This rzsult represents the first HBT amplifier
demonstrated in the 140-220 GHz band, and the gain-per-stage of the amplifier was
amongst the highest reported from any transistor technology. Based on this work,
oscillators and multi-stage amplifiers in the 140)-220 GHz band were being designed.

174 GHz Small Signal Amplifier UCSB
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